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Abstract

The photolysis of chlorine nitrate was studied using broadband flash photolysis coupled with
long-path ultraviolet-visible absorption spectroscopy. Branching ratios for the Cl + NO; and
ClO + NO, product channels were dctermined from time-dependent measurements of ClO and
NO; concentrations. Yields of the C10 and NO; products displayed a dependence on the bath gas
density and the spectra distribution of the photolysis pulse. Product yields decreased with
increasing bath gas density regardliess of the spectral distribution of the photolysis pulse,
however the decrease in product yield was much more pronounced when photo] ysis was limited
to longer wavelengths.  For photolysis in a quartz cell (A > 200 nm) the yield decreased by a
factor of two over the pressure 10-100 Torr. inaPyrex cell (A > 300 rim), the yield decreased
by afactor of 50 over the same pressure range. When photolysis was limited to A > 350 nm, the

yicld decreased by a factor of 250. Branching ratios for the photolysis channels
CIONQ, ----- » ClO -1 NO, (1a)

~ M CIANO, (Ib)

were dectermined from the relative C10 and NO; product yields at various pressures. Although
the absolute product yield displayed a pressure dependence, the branching between the two
channels was independent of pressure. The branching ratios arc 8, 0.6102 0.059 and f,, =
0.390 # 0.059 for photolysis with 2> 200 nm, and f3,,= 0.440 4 0.070 and f3,;, = 0.5603 0.070

for photolysis with A > 300 nm. The implications of these resuits for the chemistry of the lower

stratosphere arc di scussed.




|. Introduction

‘I"he photolysisof chlorine nitrate (CIONQ,) may proceced through one of several bond

cleaving processes, the most likely being

CIONO, — 5 CIO + No, Aoy - 1068 nm (a)
-5 14 No, Mpresy, = 695 M (Ib)
---b clono + oér) Mprect, = 516 1M (1¢)

where Ay, 1S the threshold wavelength for the indicated channel. The quantum yields of the
radical product channels, the wavelength dependence of the dissociation rate, and the possible
effects of bath gas collisions arc measurements which provide information about the dctai led
dynamics of the dissociation process. A number of previous studies have examined the
branching ratios among the various dissociation pathway s.”? in 1983, Margitan reported that
branching among the possible product channcls was dominated by reaction1 b with 90% of
dissociation occurring via this process and the remaining 10% proceeding viareaction 1 c at 266
nm and 355 nm.’ 1le saw no evidence of the CIO product from reaction 1 a even though
dissociation via this channel clcaves the weakest bond in the molecule. These values have served
as the basis for recommendations for atmospheric modeling calculations. in a recent set of
experiments, Minton et al. photolyzed CIONO,; in a molecular beam and detected the products
with time- and angle-resolved mass spectrometry.® They reported ncarly cqual branching ratios
for channels 1 aand 1 b when photoly zing at 248 nm, and the branching favored channcl 1 b by a
rat io of -2:1 when photo] yzing at 193nm. They found no cvidence of reaction! ¢ at either

photo] ysis wavelength and placed an upper limit on this channel of< 4°/0.

Grafa ef al. have recently performed ab initio calculations on CIONO, using configuration
interaction methods with a large basis set.’” Vertical excitation energies were calculated for
several clectronic states in the singlet and triplet manifolds, and oscillator strengths were
determined for singlet-singlet transitions. This work has helped to identify the electronic states
involved in CIONQO, photodissociation and have permitted the assignment of several of the bands

observed in the ultraviolet absorption spectrum.



Recent interest inchlorine nitrate stem from its involvement in the chemistry of the
stratosphere. CIONO, is produced by the recombination reaction
CIO4NO, 4+ M —» CIONO,4 M

and is an important temporary reservoir of itorganic chlorine in the lower and middle

stratosphere. The most significant loss mechanism for CIONO; is photodissociation, and the

relative photolysis quantum yields have implications for the production and loss of ozone. While

photolysis pathway 1 a results in a null cycle, photodissociation via pathway b results in a

catalytic cycle for ozone loss:

CIONO, + hv --) CI4NO;
NO;+ hv -»> NO+ 0,
NO+ O;-> NO,+ O,

C] + O;->ClO+10,
ClO iNO,+ M -> C10NO,+ M

net: 20, -->30,

This cycleis particularly important at the edges of the polar winter vortex.

While the relative quantum yields are important for atmospheric modeling, the absolute
magnitude of the CIONO, photodissociation rate is also important insofar as it determines the
partitioning of inorganic chlorine between CIONO, and HCl in the lower and middle

stratosphere. The first-order photolysis rate constant, Jcionoz is given by

Teiono, 2= [1ir 012)5 om0, (DA
where 1,,(%, 2) is the solar flux at wavelength 2 and altitude z, 6 (0, (A) is the absorption

cross section, and d(%) is the quantum yield for photodissociation into al radical channels.
clow 28 km, solar radiation is restricted primarily to wavelengths longer than about 290 nm. As
a result of the rapidly decreasing C10NO,cross section and increasing solar flux at wavelengths
longer than this cutoff, the product lod maximizes at about 330 nm. 1 lowever, laboratory
measurements of C10NO,quantum yields usual] y take place at much shorter wavelengths to take
advantage of the larger absorption cross sections. Atmospheric model calculations have adopted
these quantum yields under the assumption that they also apply in the spectral region beyond 290

m. 1 “his assumption may be incorrect if, for example, excitation in the long wavelength tail of



CIONO,; results in intersystem crossing to the triplet manifold. The formation of metastable

triplet states could decrease the effective value of J ., if collisions] de-excitation can compete

with dissociation. In the atmosphere, this would have the effect of reducing 1 1Cland increasing

CIONOQO, at the lower altitudes.

We have performed an extensive set of measurements on the dissociation of chlorine nitrate
in order to determine the product branching ratios and yields as functions of photolysis
wavclength and pressure. The technique employed a broadband flashiamp for photolysis and
long path [IV/visible absorption to detect the products. Section 11 describes the experimental
apparatus and data acquisition. Section 111 outlines the results including the branching ratios into
the different product channels as a function of wavelength and the dependence of the product
yicld on the total pressure within the reaction cell. Section IV presents a mechanism for
dissociation which qualitativel y simulates the essential features of the data. A brief discussion of

the implication for stratospheric chemistry is also presented.

11. Experimental

The flash photolysis/long path UV-visible absorption apparatus and basic techniques
employed in these experiments have been described in detail previously,” and only those points
unique to this study will be emphasized. Chlorine nitrate was synthesized by the reaction of
CL0 with N,0,. C1,0 was made using the method of Cady/? in which a 10-20% mixture of Cl,
in helium was slowly flowed over dried 11gO supported on 4 mm glass beads. The reaction was
carried out at a total pressure of 250 Torr. Product Cl,O and unreacted Cl, were collected at 161
K in an ethanol/N,(I) trap. Cl,O was purified by vacuum distillation at 195 K (iso-
propanol/CO,(s) slush) until CI, was undetectable as observed by monitoring the UV absorption
band centered at 325 nm. N,O was produced from the reaction of NO, and 0,. A slow flow of
neat NO,was combined with O; from an ozonizer and alowed to react in a9 mm tube 21 cm in
length. N,O,was collected in an iso-propanol/CO,(s) trap. The flow of NO, was adjusted so

that the reaction ran to completion within the length of the tube.



Chlorine nitrate was produced by transferring under vacuum a small amount of Cl,O into
the container of N,O;. The container was slowly warmedto 273 K at which temperature the
react ion of CLO with N,Osto form CION 0,is complete. This process of adding C1,0 to the
N,05/CIONO, container was repcated untilonly a small amount of N,0,remained, By leaving
an excess of N,Oj; relative to Cl,0, it was assured that there would be no C1,0 impurity in the
CIONO, sample, CIONO, was separated from N,Os by vacuum distillation to a 195 K bubbler.
Finally, the chlorine nitrate sample was checked for C1,impurity by monitoring the chlorine

absorption band centered at 325 nm. No perceptible impuritics were detected,

Two reaction cells with identical geometry were used in this study. Onc was constructed of
quarlz. and the other from Pyrex glass. The reaction cells consisted of a30 mm id, x 90.5 cm
cylindrical tube surrounded by three annular jackets. The outermost jacket was connected to a
chiller/heater circulator to allow temperature control of the reaction. The temperature within the
reaction cell was varied from -253 K to 400 K, The middle jacket comprised the flash lamp.
This jacket was connected to a high voltage power supply via tungsten electrodes and was filled
with 30 Torr xenon. 27.5 kV was discharged from a 2.4 pl’ capacitor through the xenon gas to
produce a broadband flash of light 10-20 ps in duration. Theinnermost jacket was used to
spectrall y filter the output of the xenon flash lamp by the use of inorganic salt solutions. The use
of different cel 1 materials also allowed spectral selection of the short wavelength cut-off of the
photolysis source. The 1" yrex cell did not transmit light at wavelengths shorter than 300 nm, but

the quartz cell transmitted light down to approximately 200 nm.

F'lash lamp spectral distributions were obtained by imaging the scatter-cd light exiting the
reaction cell windows onto a 0.3 m monochromator that was equipped with a 1024 pixel diode
array detector. A 1200 line mm'lgrating blazed at 250 nm was used for the spectral
mcasurcments which resulted in a spectral bandpass of approximately 60 nm. To obtain the
complete spectral distributions from 200 nm to 450 nm (the region over which chlorine nitrate
has measurable absorption cross sections accessible in these experiments) it was necessary to
scan the monochromator in 50 nm steps, collect the scattered light data, and splice the measured
spectra together. Absolute wavcelength cal i brat ion was provided by a mercury pen ray lamp.

Spectral distributions for the unfiltered photolysis light in the quartz and Pyrex cells arc shown in




Figure 1. Solutions of chromium potassium sulfate (Crk(SO,),+1211,0,100 g 1. 11,0) and ceric
ammonium nitrate (Ce(N14)2(NO,),,5¢ | ;! 11,0) were also used in the Pyrex cell filter jacket
to provide further spectra) sclection of the photolysis light. Spectra] distributions for these salt
solutions arc also shown in Figure 1. The overlap of the spectral distributions from the four

cell/filter combinations with the CIONO, absorption spectrum is shown in Figure 2.

Chlorine nitrate was introduced into the reaction cell by passing helium (99.999%) through
a bubbler containing pure CIONO, liquid at 195 K (iso-propanol /CO,(s) slush). The backing
pressure of helium was set at 510 or 1020 Torr depending on the desired CIONQ, concentration
in the reaction cell, Bath gas was added to the CIONO,/helium mixture prior to entrance into the
reaction ccl] to allow complete mixing of all gases. Species concentrations were determined
using calibrated mass flow meters, and flow rates of each gas were adjusted in order to maintain
the desired total pressure and CIONO,concentration. The pressure of the reaction cell was
measured with a capacitance manometer and maintained at a preset value by means of an

automated control valve at the cell exit to the vacuum pump.

The mechanism of chlorine nitrate photolysis were studied by monitoring the C1O and NO,
products. C1O and NO; were monitored by UV/visible absorption spectroscopy in which the
collimated output of a 150 W xenon arc lamp was passed through the reaction cell using White-
type optics to achieve a total optical path length of 724 cm. For those measurements in which
high temporal resolut ion was desired, the arc lamp beam was directed to a 0.5 m monochromator
equipped with a photomultiplier t ube (PM1 ‘). The dlits of the single wavelength I'M’]’
spectrometer were 150 pm. For ClO detection, the spectrometer was equipped with a 2400 line
mm’' grating blazed at 300 nm. The spectrometer was tuned to the A’11 (V' = 12) < X11
(v" = 0) vibrational band at 275.3 nm. The light intensity was measured with a 1<166U11 PMT.
The PMT signal was passed to an amplifier which had a variable low-pass filter. The amplified
signal was digitized and signal-averaged using a 100 kllz digital oscilloscope. lor the NO,
product, a 1200 line mm’’ grating blazed at 500 nm and a R955 PMT were used, The

spectrometer was tuned to the A « X transition at 662 nm.

CIO and NO;, were aso monitored using a 0.3 m monochromator equipped with a 1024
pixel diode array detector. ‘I’ his detector required a minimum of 16.67 ms to read and store data
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from al pixels of the array. The minimum time required to scan the array could be shortened by
reading only a subset of the array pixels: for example, the time resolution was reduced to 5 ms by
reading only 270 consecutive pixels. For ClO detection, a 2400 line mm™ grating was used
which resulted in a spectral bandpass of-30 nm. The grating was tuned to 280 nm which liesin
the middle of the A’T1<- X*11 vibrational progression. For NO;, a1200 line mm” grating with a
spectral bandpass of -60 nm was tuned to 640 nm where the prominent A <-X (0,0) and (1 ,0)
vibration] transitions could be simultaneously detected. This spectrometer offered increased
sensitivity for both ClO and NO; over the single wavelength spectrometer because of the
multiplex advantage of using the diodc array detector, but sensitivity was gained at the expense
of temporal resolution. The sensitivit y was increased over the PMT spectrometer because each
scan of the array produced a portion of the absorption spectrum of ClOorN O,. The
experimental spectrum was then fit to a refer ence spectrum using a Icast-squares routine.
Reference spectra were created by averaging 1000 scans of the diode array collected under
conditions in the reaction cell which maximized the production of either ClO or NO;. The
reference spectrum was then compared to the known cross section to calculate the concentration
of the product speccies in the reference spect rum.  The cross sections for ClO were those of
Sander and F'ried],’’ and the NO+ cross sections were taken from Sander.’ *The fitti ng routine
directly determined the concentration of the specics being detected from the absorption spectrum

recorded by the diode array,

Temporal information on the formation and decay of the product signals measured with the
diode array spectrometer was obtained by successive scans of the array. The array interface
electronics allowed for the acquisition, co-addition, and storage in dedicated memory locations of
up to 512 separate scans of the array each timec the flash lamp fired with each scan accounting for
a5-16.67ms portion of the signal waveform dependent on the number of pixels read. Each of
the 512 scans, which consisted of the spectrum of the particular product species being monitored,
was {it to the appropriate reference spectrum in order to determine the product concentration at

the t ime following the flash corresponding to that scan.

The two spectrometers described above provide complementary experimental information,

The single wavelength spectrometer has the advantage of temporal resolution, The minimum



sampling period with this instrument is 10 pts which is sufficiently short to allow the study of the
initial product formation processes involved in this system. lowever, the sensitivity of the
spectrometer is not as high as with other methods of detection, particularly when monitoring
ClO. The detection limits for the single wavelength spectrometer are 4 x 1011 molecule em™ for
CI0 and 5 x 1010 molecule cm™ for NO;. Thearray spectrometer offers the advantage of higher
sensitivity. The multiplex advantage of using up to 1024 channels with the capability of signal
averaging for the determination of a single temporal data point provides a tremendous
improvement in the signal-to-noise ratio, However, it offers relatively poor temporal resolution,
rendering this technique unsuitable for monitoring the nascent photoproducts. Detection limits
arc more than an order of magnitude less using the d iodc array spectrometer relative to the single
wavelength spectrometer with minimum detectable concentrations of 1x 10*0 molecule cm”™ for
C1O and 2.5 x 109 molecule cm™ for NO;. The somewhat lower sensitivity for CIO is duc to the
difference in absorption cross sections for CIO and NO; (6, [275.3 nm]= 6.7 x 10" cm’
molecule™ vs. Ono,[062 nm] = 2.27 x 10-17 cm’molecule-) and to the decreased light intensity of

the arc lamp which drops by a factor of about two bet wcen 662 nm and 275 nm,

111. Results

Data were collected under a variety of experimental conditions by changing the initial
chlorine nitrate concentration, the bath gas identity and density, the photolysis wavelength range,
and the temporal resolution of the data acquisition. The experimental conditions for all data

collected are summarized in Table 1.
A. NO; and CIO Product Yiclds

Product yields were determined from the CIO and NO, signal waveforms. Figure 3 is a
plot of a typical NO5 signal as function of time after photolysis in the Pyrex cell with no
additional filtering. Data were acquired with the diode array spcctrometer with atime resolution
of 16.67 ms. [CIONO,], was 1.0 x 1014 molecule cm-3 with N, as the bath gas. Total pressure
ranged from 10 - 400 Torr although only the data for 10, 25, 50, and 100 Torr arc shown in the

figure. Two features of the data arc apparent: the maximum NO; concentration decreases and the




time required for the NO; signal to maximize increases with increasing pressure. NO, exhibits

sccondary formation in this system due to the reaction

Cl4CIONOy —> Cl, + NO3 K508 1.0 x 10-" 'em* molccule s (ref. 14)

1 lowever, if it is assumed that the initial chlorine nitrate concentration is constant and the extent
of photodissociation does not change, then the ratc of secondary NO;formation will be
independent of pressure. Therefore, the secondary chemistry of this reaction cannot explain the
increasc in the time to reach the NO; maximum observed at higher pressures (sce discussion

below).

To verify that the observed yield behavior was not a result of the relatively low temporal
resolution of the OMA spectrometer, data were also collected using the single wavelength
spectrometer with PMT dct ection. In this case, the temporal resolution of the data was limited
only by the 10 pis resolution of the digital oscilloscope. Figure 4 shows data acquired with 50 pis
temporal resolution. [CIONO,], was 2 x 10" inolecule em™, and the pressure was varied from
10-SO Torr with N, as the bath gas. The same results arc observed. The increase in formation
time with increasing pressure is particularly evident on this expanded time scale. The first
several data points immediately following the flash have been omitted from Figure 4. Although
the duration of the xenon flash was only 15 ps, the intensity of the flash in the visible region of
the spectrum was so intense relative to the arc lamp that the R9551’M’]" used for NO; detection
was saturated by the flash. The recovery period for the PMT was -200 ps. Accordingly, wc
were not able to monitor processes occurring at reaction times less than this, but there arc no
bimolecular processes that can affect the kinetics of NO; on this time scale with the reaction
conditions employed. These high temporal resolution data confirm the results of the OMA
spectrometer measured on a5 - 20 ms time scale, namely that the decrease in NO,yield and the
increase in the formation time of the NO,signal arc aresult of the dissociation dynamics of the

CIONQ,, and arc not caused by secondary chemical processes.

Figures S and 6 show signals recorded for the CIO product with the diode array
spectrometer and single wavelength spectrometer, respectively. The qualit y of the signals arc not

as high as those of NOj; for the reasons discussed in the experimental section, particularly for the




single wavelength data, but the same general features of decreased yield and increased rise time
arc present in the C1O data. Of particular importance is the C1O single wavelength data of Figure
6. With the monochromator tuned to 275.2 nm, the R 166Ul |l PMT does not suffer from the
saturation effects seen in the visible region because light from the flash lamp at this wavelength
is completely absorbed by the walls of the Pyrex cell.  *1'bus, the C10 temporal behavior can be
observed at shorter reaction times, Examination of Figure 6 shows a marked pressure
dependence in the CIO yield even on the shortest time scales. Additionally, unlike the NO;
product, thercisno secondary channel for the production of CIO (see the reaction mechanism
below), so the observed increase in the formation time of C10O with increasing pressure cannot be

due to secondary chemical reactions.

Figure 7 shows typical NO; data for photolysis in the quartz ccl] collected with a temporal
resolution of 16.67 ms. Yor this particular set of data, the initial chlorine nitrate concentration
was 1.0 x1014 molecule cm-3, and the pressure was varied from 5 - 400 ‘] 'err. Thereisa
pressure dependence exhibited in the NO; yield over this pressure range, but the decrease is only
afactor of about two, whereas for similar conditions in the Pyrex cell, the yield dropped by more
than two orders of magnitude. Also, the temporal behavior of the NO5 signals observed under
these conditions when photo] ysisis extended to the shorter wavelengths transmitted by the quartz
cell is different from the Pyrex data in Figure 3 in that the NO; signal maximum occurs
immediately following the flash and does not display a secondary formation, Figurc 8 shows
NO; data collected with higher temporal resolution (100 ps) using helium as the bath gas. The
observed rise in the NO; signal is due solely to reaction 2 and can be fit with a single, first-order
rate coefficient. This rise occurs on a time scale much shorter than the temporal resolution of the
diodc array detector and is therefore not scen in the data of Figure 7. However, the rise of the
NOj; signal observed for photolysis in the quartz cell isindependent of pressure and, as expected
from reaction 2, the time constant for NO5 formation changes only as the initial concentration of

chlorine nitrate changes.

Figure 9 displays the results of an additional set of measurements taken in the Pyrex cell in
which the single wavelength spectrometer was tuned to 225 nm in order to monitor the removal

of chlorine nitrate. The initial [CIONO,] was 1.0 x 1014 molecule cm-3, and data were collected
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at pressures from 3.2 to15.1Torr with N,as the bath gas. Because the output of the arc lamp is
quite weak at this wavelength, it was nccessary to average 300 flashes in order to achieve an
acceptable signal-to-noise ratio. The weak signals also limited the pressure range over which
mecaningfuldata could be collected. 1 lowever, the trend in the recorded signals for chlorine
nitrate removal is the same as that observed for the NO5 and CIO product formation, namely, that
the magnitude of chlorine nitrate removal decreases with increasing pressure. Although the data
arc not of sufficient quality over a range of pressures necessary to produce quantitative results,
the qualitative features of the data confirm the results obtained when monitoring either the C1O

or NO; product formation,

Figure 10 shows a comparison of the NOj yicld collected in the Pyrex ccl] with the single
wavelength and diode array spectrometers. Product yield is defined as the maximum product
concentration normalized by the initial chlorine nitrate concentration. Single wave] ength data
were collected from 3,2 - 50.2 'l *err, and diode array data were collected from 3.2 - 400 1 ‘err.
1)ata were normalized to a value of one for the lowest pressure. 1)ata from the two detection
schemes result in the same pressure dependence indicating that the observed trends in the yield
arc not an artifact of onc of the detection methods employed. Figure11 provides a comparison
of the NO3 and C1O product yields. Again, the pressure dependence of the data arc very similar-
differences in absolute yield arc expected due to unequal branching ratios into each product
channel. in addition, the similarity in the functional form of the pressure dependences of C1O
and NO; is an indication that secondary photol ysis of the nascent products or secondary
chemistry arc not creating artifacts which may be mist aken as a pressure dependence. Because
the duration of the flash lamp is relatively long and NO3 absorbs strong] y in the visible region of
the spectrum, it is possible that the nascent NO; product undergo secondary photodissociation to
form NO+ 0,and NO, + 0. For CIO the cross sections at wavelengths longer than the 300 nm

cut-off of the Pyrex cell arc very small, so secondary photodissociation will be insignificant.

The NO,yield as afunction of air densit y and photolysis wavelength is shown in Figure 12
with the data presented in Table 11.  The four data sets displayed correspond to four different
photolysis configurations of the reaction ccll, namely, the quartz. cell, the Pyrex cell, the Pyrex

ccl] with a chromium potassium sulfate filter, and the P yrex ccl 1 with a ceric ammonium nitrate
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filter. Flashlamp spectral distributions for each configuration arc shown in Figure 1. The a--axis
of Figure 12 covers the range from 0 to about 100 Torr total pressure. The solid linesin the plot
arc empirical fitsto the data and arc intended only as a guide to the eye. In each case, the
product yield decreases with increasing pressure, In the quartz cell, the decreasc is about a factor
of two; the data from Pyrex cell photolysis decreases by about 60; the data for the filter solutions
decrcase by approximately 200 and 350, respectively, for the chromium and ceric solutions,
Iigure 12 indicates that as the short wavelength cut-off for photolysis is extended to the red, the

pressure dependence of the product yield becomes more pronounced.

The inverse NO,yield is displayed in Stern-Vohncr form inFigure13 for a series of
mecasurements in which the initial chlorine nitrate concentration and bath gas density were
systematically varied. The data arc summarized in “1’able 111. {CIONO,],, ranged from 2,5 x1013
to 1.0 x 10!S molecule ¢cm-3, and the pressure ranged from 5 to 400 Torr. Included is onc set of
mcasurcments acquired at a temperature of 220 K. For all chlorine nitrate concentrations, the
yield displays a pressure dependence. However, for [CIONO,], < 1.0 x 1014 molecule em-3, the
functional form of the pressure dependence is independent of the initial chlorine nitrate
concentration. For higher [CIONO5],, the drop in the yield with increasing pressure becomes
more cxtreme as the amount of chlorine nitrate is increased. This is indicative of a dissociative
mechanism in which self-quenching of the cxcited electronic state by the parent moleccule is

important.
IL Product Branching Ratios

The direct measurement of absolute quantum yields was not possible in this experiment,
but by measuring both the NO5 and ClO product yields under identical experimental conditions,
it was possible to dctermine the branching ratios for these two product channels. For these
calculations, the branching into the C1O + NO,channel was defined as

P, = ‘r{](' ()]m?\ = *,,q,,,),lf',,,,,;,
e ™ [C ]| +os{nvo) @, 40,

la

where [ClO],,,.x and [NO;],..x Were determined from the maxima of the Cl1O and NO; temporal

signals.  "2[NQOj],..« Was used because the Cl4NOj3 product channel produces two NO;

1?




molecules duc to the fast reaction of Cl with CIONO, (reaction 2). It was further assumed that
branching into the atomic oxygen channcl (reaction 1 c) is negligible relative to the C1O + NO,

and C1-'NO5 channels, so that the branching ratio for the Cl+NO; channel is given by

Pu=1-5,

Branching ratios measured at severa values of’ [CIONO,], and total pressurc are presented in
‘I'able I V. Although the absolute product yicld for each channel exhibits a pressure dependence,
the dependence is the same for both channels, therefore, the result i ng branching ratios arc
pressure-independent, Branching ratios for photolysis in the Pyrex ccl] are 3,,= 0.445 0.07 and
Bi,= 0.56 4 ().07 where the error bounds arc reported as 26. When photolysis is extended to
shorter wavelengths transmitted by the quartz cell, the branching ratios arc f,, = 0.61 + 0.06 and
Bpp= 0.39 4 0.06.

V. Discussion
A. Pressure Dependent Product Yields and Formation Rates

Photodecomposition Mechanism

The pressure dependences of the product yields for NO; and CIO formation and CIONO,
disappearance for photo] ysis in the Pyrex cell cannot be explained by secondary reactions of the
primary products, To establish this wc have examined the sensitivity of known secondary
processes to changes in the CIONO, concentration and buffer gas pressure. The reaction
mechanism and rate coefficients for secondary react ions in this system arc given in ‘1 ‘able V.
Because the branching ratio into reaction 1 ¢ is small, the reactions involving atomic oxygen have
been neglected in the usc of this mechanism for the analysis of the experimental results. The
uncertainties in the rate coefficients arc greatest for the reactions involving NO5 with C10O and Cl
(reactions 5 and 6); however, these reaction will not have a pressure dependent effect on the

product yield--they only affect the rate of product removal.

The simulations produced results in reasonable agreement with the quartz. ccl] data--the
differences stem from uncertainties in the rate coefficients for reactions involving NO; with Cl

and ClO, the reactions of CI ONO, and some of the recombination reactions. Simulations
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invoking only secondary chemistry, however, fail to replicate the essentials feature of the data

collected for longer wavelength photolysis, namely, the decrease in product yield and the
increase in the formation time with increasing pressure. Simulations of this mechanism over a
range of pressures corresponding to the experimental data indicate that the rate of product
formation becomes larger at higher pressure with no substantial decrease in the CIO product
yicld and there is also a small pressure dependence in the NO; product yield due to removal by
the termolecular combination with NO,(reaction &). This is the intuitively expected result for a
mechanism involving termolecular processes. The measured NO; time dependence following
Pyrex ccl] photolysis has the opposite behavior, however; the formation time increases and the

yield decreases with increasing pressure.

To explain the pressure dependence of the product yield data, it is necessary to invoke a
Stern-VolJncr-type mechanism in which a metastable electronic state is formed following the
initial excitation. This state may dissociate to form products or undergo collisional quenching to

the ground electronic state:

CIONO, — 5 ClIONO,’ T excitation
CIONO,' —— products K giss dissociation
M, CIONO, kq quenching

This simple mechanism adequately describes the pressure dependence of the product yield, but
incorrectly predicts that the rate of product formation becomes faster with increasing bath gas
density. This mechanism coupled with the reaction mechanismin “I’able V can, however, be used
to interpret the data collected for photolysis in the quartz cell in which product formation always
occurred promptly following the photo] ysis pulse. The dashed lines in Figure 7 arc the resulting
fit of this mechanism to the experimental data. The simulated data were produced by
simultaneously fitting the measured signals at pressures of 5, 100, and 400 Torr to this Stern-
Volmer type mechanism using a least-squales routine (I'ACSIMI I .E). Six parameters were
varied in the fitting process including[C]ONOz]T, Kdisw and k. Three rate cocfficients--ks, kg,
and kx--wcrc also varied in the fitting process in order to alow enough flexibility in the lcast-

squares routine to locate the deepest local minimum on the x7’ hypersurface. The final values for
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these three rate coefficients were within the experimental uncertainty of the accepted values. The
rate constants for dissociation and quenching resulting from the fitting routine were k= 1,9 x
107 s'and kq=2.6x10-]2 cm’ molecule” S, Whether these values represent atrue minimum
on the fitting surface is uncertain--varying the initial guesses for each value by a factor of
approximately five produced similar numerical results, but wc did not perform an exhaustive
search of the parameter space of initia values 1o verify that this was indeed the surface

minimum.

It was necessary to modify the above mechanism to include a second long-lived
intermediate state (CIONOZI) to more closely approximate the NO, yield and temporal behavior

for photolysis in the Pyrex ccl], i.e.,

CIONO, — ™5 CIONO, Joy excitation

CIONO,’ » products K ice dissociation

Cl()NOzJr M, ClONOz1 kTq quenching to intermediate
C10NO,'———> products K e dissociation of intermediate
C]ONOQi M, CIONO, kiq quenching of intermediate

Figure 14 shows simulations of the NO; temporal signals of Figure3 using, the modified
mechanism which also includes the secondary rcactions given in ‘1’able V. The simulations
qualitatively describe the essential features of the data, namely, a decrcase in yield and an
increase in product formation time with increasing bath gas density. It was not possible,
however, to obtain a robust fit to observed NO; temporal profiles over the entire pressure range.
One reason for this may be the complexit y introduced by using a broadband flash lamp as a
photolysis source. Under our experimental conditions, the initial absorption step prepares a large
ensemble of excited states possibly in different electronic levels. ‘1 he interactions between these
states is not well understood, and it is therefore difficult to quantify the effects. in addition, the
modified mechanism may not bc a complete description of the dynamics of chlorine nitrate
photolysis under our experimental conditions. In measurements performed using a ferric

chloride solution in the filter jacket, the short wavelength cut-off was extended to approximately
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400 nm limiting the excitation to only the very weakest transitions in the absorption spectrum.
The NOj product exhibited two distinct maxima separated in time by about 1.0 sec. This may be

an indication of multiple intermediates involved in the dissociation.

Recent ab initio calculations by Graiia er al. ' determined the vertical excitation energies
for transitions from the chlorine nitrate ground state to excited electronic states in the singlet and
triplet manifolds. They also determined oscillator strengths for the singlet—singlet transitions
and used these results to interpret the chlorine nitrate uv-visible absorption spectrum. They
ass gned the large feature centered at 190 nm to the 1' 4’ —> 4’ 47 transition (n—»1* excitation)
and the peak at 215 nmto the ] V42> 3" A7 ransition (n-»7* excitation). The weak absorption
band at 370 nm was not assigned becausc it lies approximately 1 ¢V below the lowest calculated
excited singlet state. The temperature dependence of the absorption spectrum measured by
Burkholder er al.® suggests that this low encrgy band derives from a transition from the ground
electronic state. The bands at 215 nm and 370 nm were the onl y absorption features that were
not reduced in relative intensity with decreasing temperature. It is likely that the 370 nm band
arises from a spin forbidden transition from the ground state to the lowest lying triplet state. The
position of this band corresponds very well with the vertical excitation energy calculated by

Grania et al. for this process, and the small cross section indicates that the transition is forbidden.

With the information provided by the ab initio results of Graha et al., the electronic states
involved in the mechanism for the broadband photolysis of chlorine nitrate canbe tentatively
assigned. An energy diagram of the excited chlorine nitrate states is shown in Figure 15.
Photolysis in the unfiltered quartz ccl] is dominated by excitation to the 3' 4" state which
rapidly dissociates to products. Photolysis in the unfiltcred Pyrex ccll with a short wavelength
cut-off at 300 nm restricts the number of excited states that are energetically accessible. The
uncertaint y in the calculated vertical excitat ion encrgies is -0.2 ¢V, The 1 A” state is accessible
in our experiments if the calculated energy of this state is over-estimated by 0.23 ¢V which is
consistent with the stated uncertainties of the computational results. Thc only other states
encrgetically accessible are in the triplet manifold with the 1° 4" gate clearly within the energy
range of the photolyzing light, and the 1’ A" gtate perhaps accessible if the calculated energy is
high by 0.17 eV. As stated above, in order 1o qualitativel y simulate the data, it was necessary to
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invoke the participation of two excited electronic states. Therefore, we believe that the initial

excitation is dominated by the transition to the 1 ' 47 state with possibly some population going
into the triplet manifold. The 1 ' 4" state undergoes competition between dissociation to
products and intersystem crossing to the triplet manifold. From their calculations and by analogy
to nitric acid, Grafa ef al. determined that the lowest lying triplet state is metastable in that the
1% 4" state represents a local minimum on the potential encrgy surface. Because the 1 A" state
is metastable, it is expected to have a long lifctime relative to dissociation to products or
collisional quenching to the ground electronic state. Population of this state is likely to occur by )
through a rapid spin-orbit radiationless transition which is known to be rapid in systems
involving heavy atoms such as chlorine. This is consistent with our observation that photolysis of

chlorine nitrate at longer wavelengths procced via a mechanism that involves a long-lived
intermediate state,

Mectastable Intermediate- Detgetion

Wc have shown recently that the broadband photolysis of dichloride monoxide (Cl,0) at
wavelengths beyond the Pyrex cutoff (300 nin) results in pressure-dcpcndent C1O quantum
yields.” The similarities between CIONO, and C1,0 are striking in that both molecules exhibit a
decreasce in the product yield and a decrease in the rate of product formation for an increase in the
total pressure. The analysis for CL,O is simpler because of the less complicated secondary
chemistry of the products (C10 and Cl). in our ChO study, a transient absorption spectrum was
detected following C1,0 photolysis in the Pyrex cell. Vibrational progressions were identified in
this spectrum which were consistent with the transient species being C1,O. 4b initio calculations
of band oscillator strengths in the singlet and triplet manifolds suggested that the observed
spectrum could be assigned to a very intensc 23/\2 <-—13B]transition. ‘I"his implied that a
radiationless transition to the triplet manifold in CLO is rapid, and that the resulting triplet states
arc sufficiently long-lived to undergo collisional relaxation, causing the observed pressure-

dependent quantum yields.

For the chlorine nitrate photolysis experiments, wc attempted to identify spectroscopic
evidence for the existence of metastable states, but for a number of reasons wc were unable to

observe any transient absorption spectra in the 250-600 nm spectra rangc. For example, the
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oscillator strengths for excitations from the intermediate state to higher energy triplet states may
be very small, In the case of CL,0, the transition from the lowest cnergy triplet state, 13B,, to the
2'A, state has a calculated oscillator strength greater than 0.1.  Unfortunately, the ab initio
techniques employed by Graina er al. did not allow for the computation of oscillator strengths in
the triplet manifold. Another reason for the lack of experimental evidence of the intermediate
state is that its lifetime may be short relative to the 170 ms temporal resolution of the detection
scheme used to search for the metastable absorption spectrum. Final 1y, spectral interferences

from CIONO,, C1O or NO; may have complicated the search.
B. Possible Experimental Artifacts

The possibility that the observed pressure dependence of the photolysis product yield was
caused by experimental artifacts was thoroughly investigated. “I’he first, and perhaps most
obvious, artifact would be wall processes in which dissociation occurs at the cell walls, and the
temporal dependence of the signals is determined by diffusion back into the viewing region, As
the pressure in the cell increases, the time required to diffuse to the walls and back into the
viewing region of the arc lamp would increase, thus explaining the increased formation time of
the product signals. However, if reactions at the cell walls were responsible for the formation of
product, similar behavior should be observed independent of the ccl] materia (quartz vs. Pyrex)
and of the salt solution in the filter jacket (no filtering vs. ceric ammonium nitrate vs. chromium
potassium sulfate filters). Lach of these experimental configurations displayed marked
differences in the observed signals, thus arguing against wall processes, Additionaly,
measurements were made in the Pyrex cell under identical conditions of chlorine nitrate
concentration and bath gas pressure using a number of different bath gases. For the cases in
which either N,or O,were used, the diffusion rate through the cell is approximatel y equal due to
the similarities in molecular weight and size, so the loss from wall effects would be expected to
by similar. 1 lowever, a comparison of the signals shows that the product formation time
approximately doubles when changing the bath gas from 0,to N,. This is additional evidence

against a diffusion controlled process such as wall reactions.

Another possible artifact would be dark dissociative processes, i.e., the high voltage

discharge of the flash lamp creates a plasma not only in the xenon jacket, but also within the
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reaction ccl] itself which results in the dissociation of chlorine nitrate from a mechanism not
associated with the absorption of light. Such a plasma would bc highly dependent on the total
pressure in the ccl] and might produce the observed effect in the product yields. Again, the
difference between the ccl] configurations argues against such a mechanism in that seemingly
small changes in ccl] properties (quartz to Pyrex) which have no effect on the xenon discharge
result in dramatic changes in the product behavior, 1o provide further evidence against such an
artifact, a set of measurements were carried out in which, first, the NO; product yield was
determined at a number of pressures in the quartz. ccl] with no other filtering of the photolysis
wavelengths. Then atube of thin Pyrex glass of the same length as the inner reaction cell was
inserted into the quartz ccl 1, and the measurements were repeated. The quartz cell data displayed
the same small pressure dependence seen in Figure 12, but by inserting the Pyrex tube, the yield
decreases with pressure as observed in the Pyrex cell.  “1'bus, the quartz cell can be "converted"

into the Pyrex cell without changing the physical properties of the discharge.

Another possible explanation for the observed pressure dcpendent yields is the existence of
avery cfficient chain mechanism which catalyzes the decomposition of CIONO, and is initiated
by the photolysis flash and quenched with increasing, pressure, Such a catalytic mechanism is
unlikely as atomic chlorine is the only known chain carrier which reacts rapidly with CIONO,,

and this reaction terminates the chain..
C. Comparison with Previous Work

Branching Ratios

A number of studies have examined the photolysis of chlorine nitrate/-¢ with several being
of particular relevance to the current work. Margitan measured the product channel branching
ratios following photolysis at 266 nm and 354 nm using an atomic fluorescence technique to
detect the atomic chlorine product and chemical conversion to detect C1O by reaction with NO to
form Cl1.6 }e reported quantum yields of @, 0.90 + 0.10 and ;.= 0.10 + 0.10 and saw no
cvidence for the ClO product. Marinelli and Johnston dctectcd the NO5 product at 662 nm using
absorption spectroscopy following 248 nm photo] ysis.” They reported a quantum yicld of 0.55
(4 0.3/-(). 1) for channel 1 b. Minton ef al. used a molecular beam apparatus to measure the Cl,

ClO, and NO,products by time- and angle- resolved mass spectrometry following photolysis at
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193 nm and 248 nm.8 They reported quantum yields of @y, = 0.36 + 0.08 and &, = 0.6450.08
for 193 nm photolysis and @, = 0.46 1 0.08 and @}, = 0.54 1 0.08 for 248 nm photoly sis. They
found no evidence for channel 1 ¢ and placed an upper limit on the branching into this channel of
0.04. These results have recently been extended to 308 nm by Moore ef al. 1 who obtained Dy,
= 0.3340.06 and &}, = 0.67 # 0.06.. The quantum yields of Marinelli and Johnston, Minton er
al., and our results presented in ‘1'able IV arc in reasonable agreement, The results reported by
Margitan lic well outside the error bounds of these three studies, but a careful examination of
Margitan’s work fails to reveal a clear reason for the discrepancy. Recent unpublished results by
Burkholder and co-workers™ at wavel engths between 193 nm and 351 rim,” and Orlando and co-
workers’' at 248 nm and 308 nm confirm that there is a substantial yicld of ClO for CIONO,
photolysis over the range 193-308 nm.

The small difference in branching ratios between our mecasurcments performed in the quartz
ccl] and the quantum yield results of Minton ez al. for 193 nm photolysis may stem from the
clectronic states excited in the initial absorption step. Photolysis at 193 nm is dominated by a n—»
7* transition (1 "4r a4t ) localized on the NO, moiety whereas quartz cell photolysis is
dominated by a n—»n* transition (1] A'-»>3'4") aso localized on the NO, moiety. /0 The
intramolecular couplings will be different for each case with the n—»>n * transit ion favoring
dissociation of the weaker 0-N bond (Al 1°0 = 109 kimol-!), and the =-»>n* transition favoring
dissociation of the CI-O bond (Al loo = 167 kI mol-1).

Buffer Gas Quenching

The lifetimes of intermediate states and the dependences of product yields on buffer gas
pressure in CIONO, photol ysis have not been systematically studied until rccently. The
molecular beam photodissociation experiments of Okumura, Minton and co-workers provide
information concerning the lifetimes of possible intermediate states.”"9 in these experiments,
angular distributions were mecasured by electron-impact mass spectroscopy in the recoil of
CIONO; photodissociation products at 193, 748 and 308 nm. At all three wavelengths, the
observed products were scattered anisotropically indicating that the lifetimes of the dissociating
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states were less than a rotational period. Recent work by Burkholder et «l.”” found no pressure

dependences for photolysis at - 93, 248, 308 or 351nm athough at the latter wavelength, the




extremely small chlorine nitrate absorption cross sections and impurities were significant
complications, 308 nm is very near the cutoff of the Pyrex flash photolysis ccl] used in these
experiments. The results of Okumuraer @/ and Burkholder ef ol @ this wavelength which imply
prompt dissociation arc thercfore not incompatible with our results obtained using the Pyrex cell.
Our results appear to bc inconsistent with the 351 nm results of Burkholder ef al., however. The
main difference in experimental technique is the usc of a broadband photolysis source in our
experiments. Whether the excitation of an ensemble of states using broadband photolysis plays a
significant role in the dissociation dynamics is uncertain, but may bc onc source for the

differences in observed product yields.
CIONO, Sclf-Quenching

A modified Stern-Volmer mechanism provides a rcasonable explanation for the effect of
the initial chlorine nitrate concentration on the pressure dependence of the quantum yield as
shown in Figure 13, The quenching efficiency for excited electronic states will bc much greater
for chlorine nitrate than for the buffer gas because of the exact overlap of energy levels and the
incrcascd number of vibrational modesin CIONO, . At low [CIONO,], the collisional frequency
between excited and ground state chlorine nitrate is so small that the enhanced quenching
efficiency has no observable effect relative to quenching by the bath gas, whereas at higher
[CIONO,], the collisional frequency increascs and self quenching becomes significant as
illustrated in Figure 13.

Burrows et al. observed dependences of the quantum yields for NO; formation and
CIONO, removal on the [CIONO2], in the steady-state photolysis of CIONO, at 254 nm. To
explain these results, they invoked a mechanism involving a metastable chlorine nitrate
intermediate which could undergo either dissociation to products or efficient self-quenching back
to the ground state, While the mechanism we have proposed to explain the observed product
yields from photodissociation is similar to that of Burrows ef al., our mechanism is applicable
only at wavelengths longer than 300 nm. The Burrows er al. results imply a lifetime for the
excited state that is longer than about 10-4 s because their observed quantum yields decrease for

[CIONQO;] > ~ 1014 molccule cm™. This is inconsistent with the results of Okumura ez al.® which
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give an excited state lifetime less than 10-'] sat for 248 nm photoexcitation. Burrows er al. did

not examine the effects of buffer gas quenching in their studies.

Pressure dependent photolysis quantum yiclds have been observed in a number of gas
phase studies involving other molecules. Early work by Ayscough and Steacie on the photolysis
of hexafluoroacetone at 313 nm revealed a dependence of both the CO and C,¥', quantum yields
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on the hexafluoroacetone pressure.” " heir data were well explained with a classic Stern-Voln~cr
mechanism with a decomposition to deactivation ratio of 1:60.in the steady state photolysis of
thiophosgene (SCCl,), Okabe also reported pressure effects in the chlorine atom quantum
yield.1~ JYor photol ysis at wavelengths of 253.7nm and shorter, the chlorine atom exhibited
unity quantum yield, but when photolysis occurred at 366.0 nm or 435,8 nm, the quantum yield
had a pressure dependence which could be well fit with a simple Stern-Volnler mechanism,
Additionally, the magnitude of the effect varied from 366.0 nm to 435.8 nm with the pressure

dependence most pronounced at the longer wavelength.
1). Atmospheric implications

The implications of these results fOr the partitioning of inorganic chlorine, in the lower
stratosphere arc potentially significant. The product of solar flux and CIONO, cross section
maxi mizes at about 330 nm in the lower stratosphere. Reduction of the photodissociat ion
quantum yields due to collision effects would be cspeciall y important for excitation in the 290-
450 spectral region and would result in an underprediction of the ratio [CIONQ,}/[}ICI] by
atmospheric models. This will cause the models to overestimate the rate of ozone catalytic

destruction by the chain mechanism which involves CIONO, photolysis.”

Atmospheric models estimate .I-values in each altitude bin by performing a wavelength
integrat ion on the product of absorption cross section, dissociation quantum yield and solar flux,
Duc to the broadband nature of the photolysis pulse from the flash lamp, it is not possible to
retrieve wavelength dependent quantum yields from this experiment for usc in model
calculations. Sonic qualitative observations can be made, however. The wavelength distribution
of the photo] ysis radiation from the Pyrex cell mimics the solar spectral distribution because both

spectra] distributions cut off at about 300 nm. As shown in Fig. 10, a direct application of the
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results of the Pyrex cell experiments would therefore imply a reduction in J of about a

CIONG
factor often relative to the low-pressure limiting case at an altitude of 20 km. ‘I’ hisis very like] y
to be an overestimate of the effect in the atmosphere, however because the solar spectrum
extends to somewhat shorter wavelengths and the solar flux increases more rapidly with
wavelength than the Pyrex flash lamp spectrum. These factors increase the weighting of solar
photolysis to shorter wavelengths than our cxperiment which will reduce the sensitivity of the
photolysis rate toward molecular collisions. A more precise determination will require the
measurement of the pressure dependence of the quantum yield at several discrete wavelengths

throughout the 290-450 nm spectral region.

Since present stratospheric models do not consider the effect of pressure on the CIONQO, J-
values, wc would expect that these models would tend to overpredict HCI and underpredict
CIONO, mixing ratios in the lower stratosphere, ‘1'here arc relatively few simultaneous direct
measurements of the partitioning of inorganic chlorine in the lower stratosphere with which to
validate the models. The most rigorous test of photochemical models comes from instruments on
balloons, satellites and aircraft which directly measure vertical profiles of CIONO,, } ICI and
other speccies such as O,which have a strong influence on chlorine partitioning. One such data
set is provided by the Mark IV balloon solar interferometer of Toon and co-workers. This
instrument records infrared atmospheric spectra at sunset and sunrise during flights from a float
altitude of 40 km. near Ft.Sumncr, NM.%. ‘1 hesc spectra arc inverted to provide vertical
concentration profiles of CIONO,, HCI and many other species from the tropopause (12 km.) to
40 km. Jacgl¢ et al. have compared measurements from balloon flights from 1990-1993 with
results from the Caltech-JP1. one-dimensional atmospheric model using kinetic and
photochemical parameters recommended by 1 )eMorcef a.”. in particular, they found that their
model underpredicted the [CIONO,)/[HC]] measurements of Toon ef al. below 20 km. At these
altitudes, where the collisional quenching of CIONO, metastable states would be expected to

play arole, it was found that the agreement would be improved if values of J,,, were reduced

from their nominal values by a factor varying from 1 to 10 as the atitude decreased from 20 to
12 km. 1 Jata sets from other atmospheric instruments are consistent with this conclusion.

Recently, Dessler ef al. have shown that standard chemistry underpredicts {CIONO,J/[11C]]
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compared with global data at 20 km. from the Upper Atmosphere Research Satellite’®. Also,
midlatitude in situ measurements of [11(;1] from the 1 (R-2 aircraft between 15 and 20 km. by
Webster eral?’ arc significantly smaller than model predictions however there arc no
simultaneous measurements of [CIONO,] with which to define the partitioning of inorganic

chlorine.

“1'hereare other atmospheric measurements which do not support a pressure dependence in

J om0, - Michelson er al. find reasonably good agreement between their 1 -d model and ATMOS

measurements of[~IC)N02]/[11~1] in the lower stratosphere using pressure-independent CIONO,
quantum yields.” Also, in situ measurements of [CIO] between 15 and 20 km. from the IER-2
aircrafi’> and from balloons®” tend to be larger than predicted by standard models whereas a

decrease in J iy, that would be consistent with the measurements of' 1 “eon ez al. would result in

aslight reduction in|ClO]. There arc also a number of other possible explanations for deviations
between the observed inorganic chlorine partitioning and model predictions including
heterogencous reactions on volcanic aerosols, missing reservoir(s) of inorganic chlorine and
measurement errors. Remote sensors are currently the only instruments capable of direct
CIONO, measurements. Because most of the 11C1 and CIONO, column density lies above 20 km,

retrievals below this atitude arc subject to large uncertainties,
V. Summary

The broadband photolysis of chlorine nitrate has been studied in both the strongly allowed
and weak tail regions of the absorption spectrum. 1 °‘iJ]lc-resolved long-path absorption
spectroscopy has shown that both the Cl1+4NQO; and CIO+4NO, product channels are active.
“1'here is strong evidence for dependences of the quantum yields for product formation and
CIONO, disappearance on the CIONO, and buffer gas densities. The functional form of the
product yield vs. bath gas density is strongly dependent on the spectral distribution of the flash
lamp. As the photolyzing light is limited to wavelengths longer than 300 nm, the product yield
dccreases more rapidly with increasing bath gas density. These results imply that, following
excitation beyond ~ 320 nm, CIONO, undergoes a radiationless transition to a long-lived

metastable electronic state induced by strong spin-orbit coupling. Comparison with ab initio
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results suggest that the metastable species is the lowest energy triplet state, 1* A”. Thesc
obscrvations are consistent with a mechanism wc have proposed recent 1y for the
photodissociation of CI,0. in the latter study, broadband photolysis beyond 300 nm givesrise to
amectastablc triplet state which is observable by UV absorption spectroscopy.

The branching ratios into the C10 + NO, and C14 NO; channels have been measured under
two different experimental spectral regions. ot photolysis in the unfiltered Pyrex cell (A > 300
rim), the results arc B¢y = ().44 4 0,07 and BN(,3= 0.56 4 0.07. These results are in excellent
agreement With two other studies of the chlorine nitrate branching ratios.™® For photolysis in the
unfiltered quartz cell (A > 200 rim), the branching ratios arc f3¢, = 0.61 4 0.06 and BN03 =031+
0.06.

The observed quantum yield pressure dependence beyond 300 nm has implications for the
partitioning of inorganic chlorine in the stratosphere between the tropopause and 20 km.
Although there arc major uncertainties in both models and atmospheric ficld measurements,
comparisons between predicted and observed concentrations of 1Cl and ClON()2 in this altitude
region scemto be improved if the models emplo yed pressure-dcpcndent CIONO, quantum
yields. Yurther laboratory measurements and future in siru observations of CIONO,, HCI and
CI1O will help to better quantify the role of pressure dependence in the photolysis of CIONO; and

possibly other species.
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Table . Summary of experimental conditions,

Species | [CIONO,] Bath Gas | Pressure | Detection?
detected | (molecule cm-3) (Torr) Scheme
ClO 12- 3.2 He 3.9-75 OMA
NO; 0.5 -3.3 He 3.9-600 OMA
NO; 16-8.1 He 10-75 PMT
ClO 1.3 -80 He 5.4-75 PMT
NO; 1.3-65 He 5.4-75 PMF
N O, 1.8 -8.0 He 10-75 PMT
CIONO, | 3.2 He 10-75 | PMT
ClO 0.51 -1.0 N, 5,0-50 | OMA
ClO 2.0 N, 13-25 PMT
NO;3 0.25-10 N, 3.0-400 OMA
NO; 2.0- 40 N, 6.4-50 PMT
NO; | 0.25-10 N, 5.0 -400 | OMA
NO; 10 N, 5.0 -400 | OMA
NO; 10 N, 50- 100 | OMA
NO; |10 N, 3.2-25 | OMA
NO; 10 N, 3.2-50 | OMA
CIONO, | 10 N, 3.2-20  |rmy
CIONO, | 1.0 N, 32-100 |PMT
CIONO, | 1.0 N, 3.1-25 PMT
NO; 0.75 -1.0 0, 5.0-200 OMA
NO;3 2.0 0, 10-50 PMT
NO; | 050 -25 air 3.0-250 | OMA
NO;3 0.75 -4.0 ar 2.4-400 OMA
NO; 0.75 -2.0 ar 3.2-100 Oh4A
NO; 1.0 -5.0 air 32- 100 |OMA

Cell
I_’yrcx

Pyrex

Pyrex

quartz

quartz,
quartz/NiSO40
quartz

Pyrex

Pyrex

Pyrex

Pyrex

quartz
Pyrex/Ni,G~
Pyrex/KMnO44
quartz/FeClye
Pyrex/ccricf
Pyrex

quartz.
quartz/FeCl,e
Pyrex

Pyrex

Pyrex

quartz.
Pyrex/ccricf
Pyrex/
CrK(S04),8

Number
of runs

19
42
51
23
40
11
4
15
4
110
18
71

6

11
11
17
4

43
49
21
19

a) OMA = optical multi-channel diode array spectrometer; PM’]” = photomultiplier tube single

wavelength spectrometer,

b) Filter solution made of 500 g | -1NiSO4+611,0 in water.

¢) Filter solution made of 500 g 1.-1NiSO4+61 1,0 and 300 g 1.-1 CoSO4+711,0 in water,
cl) Filter solution made of 0.25 g 1.-1KMnQ, in water.

c) Filter solution made of 1.0 g1.-!¥eCl; in water.
N Filter solution made of 5.0 g1.-1 (N114)2C:c@’ 03)6 in water.
g) Vilter solution made of 50 g1.-1CrK(SO,)5e1211,0 in water.
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Table 11. NO; yields for quartz cell, Pyrex cell, Pyrex cell with chromium potassium sulfate
filter, and Pyrex cell with eerie ammonium nitrate filter. Chlorine nitrate concentration for all
data presented was 1.0 x 1014 molecule cm-3.

Ccll configuration [ Air  density [ [NO3]ax standard deviation
(101 *molecule em-3) | (10'2moleculecem=3) | (1012 molecule em-3)

quartz. 0.000 4.699 0.0073
0,000 6.050 0.0040
0.057 5.680 0.0037
0.084 3.842 0.0118
0,224 4,384 0.0046
0.242 2.980 0.0079
0.389 3.867 0.0038
0.409 2.584 0.0095
0.713 3.559 0.0051
0.737 2.441 0.0096
1515 3.518 0.0063
1.549 2411 0.0087
3.138 3.164 0.0083
3.161 2.176 0.0103

Pyrex 0.000 1.047 0.0050
0.021 0.817 0.0053
0.046 0.598 0.0134
0.062 1.092 0.0061
0.086 1.007 0.0070
0.115 0.651 0.0069
0.224 0.567 0.0067
0.253 0.480 0.0048
0.273 0.385 0.0089
0.386 0.272 0.0056
0.412 0.165 0.0065
0.435 0.190 0.0069
0.707 0.109 0.0061
0.734 0.0808 0.0058
0.762 0.0822 0.0083
1,522 0.0425 0.0053
1.543 0.0429 0.0074
1.575 0.0227 0,0055
3.143 0.0253 0.0033
3.164 0.0207 0.0077
3.241 0.0184 0.0058
6.387 0.0232 0.0043
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Table 11. (con't.)

Cell configuration | Air density INO3]max standard deviation
(1018 molecule cm-3) | (10'2moleculecm=3) | (1 012molecule cm-3)
Pyrex/ 2.810 0.0098
CIK(SO4),0121,0 | 0.039 0.312 0.0030
0.057 0.374 0.0076
0.063 0.404 0.0043
0.089 0.170 0.0058
0.119 0.0981 0.0022
0.139 0.135 0.0055
0.166 0.0883 0.0046
0.222 0.0541 0.0056
0.223 0.0493 0.0047
0.248 0.0340 0.0067
0.283 0.0485 0.0029
0.386 0.0220 0.0032
0,386 0.0191 0.0078
0.412 0.0276 0.0059
0.605 0.0168 0,0049
0.706 0,0184 0.0043
0.713 0.0140 0.004
0.734 0.0074 0.0050
1.419 0.0064 0.0018
3.039 0.0057 0.0018
3.139 0.0064 0.0037
Pyrex/ 0.000 3.677 0.0050
(NI1,),Ce(NO3)s | 0.056 0.445 0.0069
filter 0.072 0.187 0.0057
0.090 0.124 0.0038
0.142 0.119 0.0075
0.173 0.0764 0.0033
0.224 0.0564 0.0109
0.236 0.111 0.0056
0.340 0.0497 0.0024
0.383 0.0383 0.0028
0.564 0.108 0.0061
0.653 0.0361 0.0019
0.715 0.0255 0.0047
1.361 0.0417 0.0045
1.471 0.0210 0.0017
1517 0,0180 0.0040
2.992 0.0378 0.0092
3.081 0.0127 0.0027
3.148 0.0174 0.0025
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I"able 111. Inverse NO; yield, ¥N04s as a function of initial chlorine nitrate concentration and N,
bath gas density for photolysis in the Pyrex. ONO, is defined as [CIONO,]/[NO3 ]«

[CIONO,], N,density NO, Temperature
(101 molecule cm=3) | (1 0”molecule cm-3) (K)
0.25 0.073 24.0 298
0.137 28.6
0,217 33.8
0.299 39.2
0.794 168,0
1.608 306.5
2417 489.6
3.215 958.7
0.50 0.046 21.6 298
0.112 23.4
0.193 29.5
0.273 35.2
0.438 88.7
0.597 132.1
0.765 157.4
1.579 385.8
2.396 614,4
3.192 679.8
6.440 1313.
9.693 [ 779,
12.92 2660.
0.75 0.164 28.0 298
0.248 24.2
0.407 95.1
0.575 137.6
0.733 138.0
1.544 325.8
2.366 539.0
3.168 694.4
6.409 440.
9.655 1284,
12.89 '918.




Table 111, (con'. )
[CIONO,],
(10]4 molecule ¢m-3)

N, density B
(1018 molecule ¢cm-3)

1.00

2.00

3.00

4.00

0.148
0.365
0.585
1.017
2.154
3.233
4.333

0.230
0.714
1.522
2.342
3.137
6.387
9.626
12.86

0.120
0.608
1.423
2.230
3.041
6.2S1
9.525
2,76
0.181
0.s12
1.313
2.128
2.94S
6.185
9.420
12.66

0.080
0.407
0.486
1.218
2.039
2.843
6.075
9.320
12.55

ONO;,

| Temperature

| (K)

47.1
54,4
132.2
233.6
538.6
777.6
1066,
35.8
179.4
456,4
7485
980.4
1828,
2990.
1321,

35.8
199.2
586.3
992.6
300.
422,
393.
400.

51.2
250.2
748.7
226,
630.
703.
206.
179.

65,5
| 39.0
280.()
953.5
1538,
866.
1719.
1091
270.

[ 220

298

98

98




Table 111. (con't)

[CIONO,], "N, density | dno, Tempcerature
(1014 molecule cm-3) (1 0'8molecule cm-3) ( K )
7.00 0.353 - 1415 298

0.489 205,4

0.651 565.4

0.810 717.9

1.624 1515.

2.440 1839.

3.244 2137.

4.864 2540.

6.481 2895.
1 0.0 0.519 564.8 298

0.651 785.4

0.807 977.5

1.637 1894.

2.437 2254,

3.241 3240.

4.861 3167.

6491 239, o
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Table I'V. CIO and NO; product branching ratios.

Pressure [CIO] DOeg [NO;] DO,

(ler) (1012 molecule cm-3) (1012 molecule em-3)

Pyrex ccll photolysis '

[CIONO,]=1 .2 x 1014
3.9 0.684 Tbﬂ% o L.685 0352

5.0 0.655 0.407 1.906 0.593

10.0 0.681 0.399 2.052 0.601

25.2 0.576 0.376 1.911 0.624

50.4 0.342 0.402 1018 0.598

75.0 0,207 0,417 0.578 0.583

CIONO,]= 25 x1014 T '

10.0 1.643 0477 (359 0.523 |

25.2 1.319 0.419 3.653 0.581

50.2 0.664 0.447 1.643 0.553

75.1 0.357 0.483 0.765 0.517

[CIONCO,] =32 % 1014 - - I
100 2.335 0472~ 5327 0.528

25.4 2.142 0.459 5.265 0.541

50.0 0.889 0.472 1.818 0.528

75.1 0.372 0.487 0.649 0.513
“Average Dy = 0.44 4 0.07 - Do, = 0.56 1 0,07
=QuartzTetphotolysis

[CIONO,] = 1.3 x 1014
55 4.789 0.628 5.683

10.3 4.697 0.598 6.316

25.2 3.728 0.585 5.289

50.3 3.153 0.638 3.573

75.3 2.745 0.663 2.787
"[CIONO,] =251 014
" 54 7.477 0.579 10.86

10.1 8.131 0.591 11.24

25.3 6.618 0.591 9.157

50.0 5.637 0.642 6.285

75.0 <5.202 0.658 5.415
|ICIONO,1= 32 x 107 T T

10.0 11.91 0594 7 1628 © 0,406

25.3 8.345 0.590 1159 0.410

50. 1 6.009 0.578 8.762 0.422

75.3 5.225 0.604 6.845 0.396
[Average By = 0613006 | Q Ono, 70804906 2 006
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‘Jable V. Secondary reactions involving CIONOQ, photolysis products.

This work.

Reaction Reaction |Rate coefficient
Number | (cm® molecule” s
CIONO, -- ™5 Cl10 4 NO, la Dy = 044, D - 061 °
SELENYG R No) 1b | @y, = 0.56, By, = 0.39
Yoy CloNO 1 0 e <004
C14 CIONO, ——» Cl, 1 NO, 2 Kyog= 1. 0x 107"
O -t C10No,— —» CIO -i NO; 3 Kyog~ 2.0 x 107
C10-tNO, — M, cloNo, 4 Kaog = 1.8x 107"
C10 4 NO; —— OC10 4 NO, 5 Kyog = 4.7 x107"
Cl4NO; - 5 ClO -i NO, 6 Koog: 2.4 x10™
214 NO, —M_, CIONO 7 Kyog = 1.3 x 10730¢
NO, + NO; —M 5 N,05 3 Kpog = 2.2 X 1070¢
=14 CIONO ——» Cl, 4 NO, ) kaog~ 2.0X 107"
210 4 ¢10 =M, CL0, | Ca Kaggn, - 2.0 X102
2104 CI0 ———-> Cl, + 0, 1 0b kys= 4.9 x10'°
——5 ClOO + (I Oc kyos = 8.0 x 1077
—>0CI0 -1l Od Kaog = 3.5 x 107
:1,0- M5 2c10 1 kygg= 3.0 x 107
1-1 CL,0, - — ClL,4 Cl100 2 kaos = 1.0x 107"
14 ClO0 — Cl, + 0, | 3 Kyog = 2.3 x107"°
-—> 2CIO 3b kyog = 1.2X 107"
14 OCIO ---> 2CIO 4 Koog= 5.8 x 107"
:100"- M, 14 0, 5 Kyog: 1.1 x 1077
1 -102 --M_, Cl00 6

k?gg : 27 X 1 0-33,0

Ref.

B O N N N

b) Estimated from rate constants for Cl4 C10NO,and Cl+ CINO

¢) units of cm® molecule? s
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Figure Captions

Figure 1. Spectral distributions of the xenon flashlamp with different cell/filter solution
combinations: (a) quartz, cell; (b) Pyrex ccl]; (c) Pyrex cell with CrK(S0Oy),-1211,0 (100 g
1.-J) filter solution; (d) Pyrex ccl] with Ce(NH,),(NO;), (5¢1 " filter solution.

Figure 2. The uv-visible absorption spectrum of CIONO, from ref. 14. Bars at bottom of plot

indicate spectral regions excited by different cell/filter combinations.

Figure 3. NO; temporal signals recorded with the OMA spectrometer following photolysis in
the Pyrex cell at total pressures of: (a) 10.3 ‘1’ err; (b) 25.3 ‘I'or-r; (c) 50.1 “1’err; and (d) 100.1

Torr. Bath gas was N,, [CIONO,], = 1 x10' molecule em™,and ‘1" = 298 K.

Figure 4. NO, temporal signals recorded with the PMT spectrometer following photolysisin the
Pyrex ccl] at total pressures of: (a) 10.2 ‘1 err; (b) 15.2 I'err; (¢) 25.1 *1’err; and (d) 50.3 “I'm-r.
Bath gas was N,, [CIONO,], = 2 x10'* moleculec cm™, and *J = 298 K.

Figure 5.ClO tempora signals recorded with the OMA spectrometer following photolysis in
the Pyrex ccl] at total pressures of: (a) 5.1 ‘1’ err; (b) 10.1 ‘L' err; (¢) 15.1 ‘1L'err; (d) 24.9 ‘L'err;
and (¢) 50.4 Torr. Bath gas was N,, [CIONO,], = 1 x 10" molecule cm™,and1'= 298 K.

Figure 6. C10O temporal signals recorded with the PMT spectrometer following photolysis in the
Pyrex cell at total pressures of: (a) 12.8 Torr ([N,]= 0.0 molecule cm'3); (b) 15.1 Torr ([N,]
= 0.789 x 1017 molecule em™);and (c) 20,1 Torr (IN,] = 2.41 x 1017 molecule cm™).
[CIONO,],= 4 x 10" molecule cm™, and T = 298 K.

Figure 7. NO; temporal signals recorded with the OMA spectrometer following photo] ysis in
the quartz ccl] at total pressures of: (a) 5 ‘1'err; (b) 100 Torr; and (c) 400 Torr. Dashed lines
arc afit of the datato aStern-Volmer t ypc 1ncchanism that also included product secondary
chemistry, Bath gas was N,, [CIONO,],=1 x 1014 molecule cm ® and T = 298 K.

Figure 8. NO, temporal signals recorded with the PMT spectrometer following photolysis in the
quartz cell at total pressures of: (a) 10.2 Torr; (b) 25.1 Torr; (c) 50.3 ‘1'err; (d) 100.6 ‘1’ err;
and () 200,0 Torr. Bath gas was helium, [CIONO,], = 6.5 x 1014 molecule cm™, and T =-
298 K.
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Figure 9. CIONO, temporal signals measured with the PMT spectrometer a 225 nm following
photolysis in the Pyrex ccl]. Total pressures are: (a) 3.2 Torr (IN,] = 0.0 molecule cm™);
(b) 5.1Torr ([N,] = 0.616 x10'" molccule cm™); and (c) 15.1 Torr ([N,]= 3.80 x 10"
molecule em™). [CIONO,],= 1 x 10" molecule em™, and 1'= 298 K.

Figure 10. Relative NO, yicld as a function of N density for photolysis in the Pyrex cell. Solid
symbols arc from the PMT data; open symbols are from the OMA data. [CIONO,], = 1 x
10]4 moleccule em™, and T = 298 K.

Figure 11. Comparison of NO; and ClO product yields as a function of N,density for
photolysis in the Pyrex cell. Solid symbols arc for NO;; open symbols arc for Cl0. Initial
chlorine nitrate concentrations are: (@) 2.5 x 10"* molecule cm-"; () 5.0 x 10°molecule
em™; (A) 7.5X 10" J1101CCUIC em™; ant] (#) 1.0 x 10" molccule cmi’,

Figure 12.NO; product yield as a function of air density for the four cell/filter solution
combinations. (O) unfiltered quartz. cell; (V) unfiltered Pyrex ccl]; (0) Pyrex cell with
CrK(S0,),*121 1,0 filter solution; (/\) Pyrex cell with Ce(NH,),(NO;), filter solution.

Solid lines arc empirical fits to each data set and arc provided as a visual guide.

Figure 13. inverse NO; product yield as a function of N,density and initial chlorine nitrate
concentration. Initial concentrations arc: (@) 2.5 x 10" molecule em™; ((0) 5.0 x 10"
molccule cm-"; (M) 7.5 x 10 molecule em™; () 7.5 x 10" molecule cm™ (220 K); (A)
1.0X10™1110]CCLAC em™* (/\) 2.0X 10" molecule cm™; (4)3.0 x 1 or'molecule em™; (O)
4.0 x 1014 molecule cm™; (4) 7.0 X 10" molecule em™; and (V) 1.0 x 10" molecule cni

Temperature was 298 K unless otherwise indicated.

Figure 14. Simulations of the NO; data for photolysis in the unfiltered Pyrex cell using a
mechanism that includes quenching to and dissociation from a metastable intermediate as
wel 1 as the product secondary chemistry outlined in ‘1 ‘able V. Total pressures arc: (@) 5
‘1'err; (b) 10 Yorr; (c) 25 ~'err; and (d) 100 Torr.

Figure 15. Vertical excitation energies of the excited electronic states of chlorine nitrate adapted

from reference 10.
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Energy (cV)

A

_ 41A” 7.10eV (.000)

_ 4IA’ (n- 719 6.62¢V (.1849)
“3 1A’ 6.47 eV (.0126)

— - _ - QOuartz cut-off
31A” (N »7m%) 5.85¢V (.0004) 33A” (N>7% 5.77 eV

2*A’ (n-0%) 5.21 ¢V (.0006)

2 |A" (n+ TC*) 493 eV (OOO) 2 3A’ (n N TC*) 4.71 eV
T 23A" (Non) 456V
1'A” (n->0%) 4.36 ¢V (.0013) 13,(n-0%4.30eV

Pyrex cut-off

1°A" (n > 6% 3.43eV

_ 1*A’0.0eV




